Liner and nonlinear-optical properties of oligothiophenes self-assembled monolayers ͑SAM͒ are studied by optical second harmonic interference technique. Linear polarizability and first hyperpolarizability as functions of the number of thiophene rings are calculated using a self-consistent approach for linear and nonlinear optical properties. Both of these dependencies can be described by a power law; a nonzero first hyperpolarizability points to the asymmetry of delocalized electron system that might be due to an adsorption of thiophene molecules on a metal substrate. The influence of a dipole-dipole interaction of molecules arranged in the SAM is discussed.
I. INTRODUCTION
At the present state molecular electronic is based on monolayer arrays of molecules with a final goal to use the individual molecules as functional electronic devices. For functioning of a molecular device the properties of individual molecules are utilized. The variety of functional molecules is almost infinite; nevertheless the use of only conducting and insulating molecules gives a possibility to construct a nanometer device. 1 There are two main techniques for the fabrication of such functioning films: selfassembling of molecules and scanning tunneling microscope ͑STM͒-manipulating. The latter technique allows precise building of the surface structures, but not their extensive production. Self-assembling of the molecules ͑including embedding of molecular wires into an insulating matrix 2 ͒ offers an easy way to achieve this goal. The properties of the molecules arranged in a SAM differ from the properties of the isolated molecules due to a dipole-dipole interaction. This is why it is important to be able to calculate ͑and predict͒ the properties of the densely packed layers if the properties of a single molecule are known and vice versa.
Among the variety of molecules possessing selfassembling oligothiophenes were subjected to extensive studies. This is because of the unique optical and electronic properties of these molecules and also due to the possibility of varying the length of the molecule in a controlled way by a successive duplication of an aromatic ring. These molecules are conjugated: They possess an extended delocalized -electron cloud along the chain axes. The molecules are considered to be very promising for optical signal processing because of their large, ultrafast nonlinear optical response, and high laser damage threshold.
In this paper we present the results of measurements and self-consistent calculations of linear and nonlinear optical polarizability of an individual molecule in self-assembled monolayer of oligothiophenes on Au͑111͒ substrate based on nonlinear optical interferometry.
II. THEORETICAL BACKGROUND
SHG interfereometry is based on the measurements of interference patterns appearing due to the superposition of ͑at least͒ two SH fields: From the sample, E s , and from the reference, E ref . The total SHG intenisty is described by an equation, which is similar for the one for a linear interference,
However the phase difference ⌬ between the signal and reference waves is determined not only by the phases of superimposed waves, reference, r and signal s ͑as it occurs for linear interference͒ but also by the phase shifting unit ͓PSU, see also Figs. 1͑b͒ and 1͑c͔͒: ⌬ PSU ϭ␣xϭ(n() Ϫn(2))x, where n() and n(2) are refractive indices of air for fundamental and second-harmonic generation ͑SHG͒ waves, x determines the position of a reference. Note that hereinafter subscript ''s'' is used to denote signal SHG wave. Totally, ⌬ϭ ref ϩ s ϩ␣x. SHG interference can be controlled by changing the position of reference. Typical geometry of SHG interference experiment is shown in Fig. 1͑a͒ . If both the film and the substrate produce SHG, than two types of interference are present. Interference patterns arise between SH waves generated in the reference and the sample. The sample itself produce interference between the SH wave generated in the film and in the gold substrate. The former can be controlled by changing the position of the reference, the latter is the inherent feature of the sample. Phase measurements are required for determining the phase of the SHG field and therefore the phase of nonlinear susceptibility. It is particularly important in the case of metal substrate for which both nonlinear optical susceptibility as well as dielectric constants are complex numbers.
The SHG field is anisotropic relatively to the position of the crystallografic axes of the surface ͑described by the azimuthal angle ⌿͒. For ͑111͒ surface of a gold substrate E s ϭE Au ϭ f 0 e i 0 ϩc 3 e i 3 cos 3⌿, where f 0 , c 3 and 0 , 3 are the amplitude and phase of isotropic and anisotropic components respectively both being linear combinations of nonlinear susceptibility and Fresnel factors. Self-assembled monolayer at Au͑111͒ surface forms domains, in which molecules are locally ordered. 4 Each domain contains molecules with the same tilt and azimuthal angle. The size of domains is much smaller than the size of the laser spot. Over the laser spot area domains are compensated, and the azimuthal dependence of the SHG field from the film contains only isotropic and threefold components: E F ϭF 0 e i 0F ϩC 3 e i 3F cos 3⌿ ͑F 0 , C 3 and 0F , 3F are respectively the amplitude and phase of isotropic and anisotropic components of second harmonic generated in the film͒. For ⌿ϭ/6 only isotropic component contributes into the SHG field and the signal field E s equals to
where s and s are amplitude and phase of signal wave, respectively. Then the absolute value of the SHG field from the film can be determined as,
͑3͒
If the on-top layer does not change the nonlinear properties of a substrate ͑this assumption is valid for instance for quartz or water 5, 6 ͒, then f 0 Јe i 0 Ј ϭ f 0 e 0 and contributions from a substrate and a film can be separated. For metal substrate, adsorption of molecules or atoms causes the changes in nonlinear optical properties of a substrate, and therefore, contributions from a substrate and a film cannot be separated only on the basis of experimental measurments. For this reason a modeling is required of nonlinear optical response of the films and substrate.
The isotropic component of the metal substrate changes mostly due to the charge transfer during adsorption of molecules. In the frame of a jellium model it depends on a surface coverage, ⌶, and second-order polarizability, 2 , of adsorbate-metal system
where a 0 Ͻ0 and e is the absolute electron charge. Calculations of 2 of adsorbate-metal system in the case of small molecules and adatoms show that the relative change of isotropic component ⌬ f 0 / f 0 is varied in the ranges of 0.1-0.3 and 0.3-0.9 for week and strong bonding, respectively. 8 The sign of ⌬ f 0 is determined by the sign of 2 . In particular, if the molecule is an acceptor, then ⌬ f 0 Ͼ0 and the SHG signal decreases due to adsorption, whereas, if the molecule is a donor, then ⌬ f 0 Ͻ0 and the SHG signal increases due to adsorption. The changes of the nonlinear-optical response by a single-atom adsorbed on free-electron-like metal surface are usually calculated using density-functional theory and atom-jellium chemisorption models. 8 This kind of calculations is out of a scope of the present paper; the change of an isotropic SHG component will be considered here as an unknown parameter of the system. During chemisorption of oligothiophenes a charge transfer occurs from Au to a sulfur atom. This transfer should give rise to a decrease of the SHG response from the ad-molecule-metal system. Since the rest of the molecule does not influence the chemisorption process, this change will be considered as oligomerindependent. Finally we will consider for the SAM on Au͑111͒ a model three-layered structure: the substrate ͑1͒ with susceptibility modified by adsorption with the thin film of oligothiophene on top ͑2͒ in an air ambient ͑3͒, see Fig.  1͑a͒ .
Conventional description of SHG wave generated in a thin isotropic film of molecules with tilt angle implies that SHG intensity in p-in, p-out, and s-in, p-out polarization combinations is determined, respectively, by the following expressions ͑electric field vector is oriented in the plane or perpendicular to the plane of incidence for p-and s-polarization respectively, in corresponds to fundamental, outfor SHG radiation͒,
͑a͒ Schematic illustration of the oligothiophene molecules with different number of aromatic rings and position of the molecule adsorbed at the gold surface; ͑b͒ and ͑c͒ schematic illustration of the SHG interference experiment ͑R -reference, Au -gold substrate, F -film on a substrate͒; ͑1͒, ͑2͒, and ͑3͒ points to metal substrate, film and air ambient, respectively, of a tree-layered model, PSU is a phase shifting unit ͑air͒.
where is the nonlinear susceptibility tensor, f i ͑iϭx,y,z͒ are Fresnel factors for the fundamental and SH waves, respectively. Under the general assumption that -component of nonlinear optical molecular polarizability is much higher than all other components 9 ͓ is a molecular axis, see Fig.  1͑a͔͒ , one can obtain zzzϭ␤ cos 3 , ͑7͒
where ␤ is the first hyperpolarizability and is the surface density of the molecules. Then the ratio of the SHG fields in p-in, p-out, and s-in, p-out polarization combinations depends on the tilt angle and Fresnel factors f i n ͑iϭx,y,z; nϭ1,2͒ with ␤ and vanishing
For the molecules with constant hyperpolarizability which are adsorbed on a dielectric substrate this ratio is commonly used for measuring the tilt angle in a molecular monolayer. However Fresnel factors play a crucial role in this determination and create the main problem, because the nonlinear oscillator ͑a molecule in our case͒ is located in the local field that differs from the incident field, and this should be taken into account.
The most commonly used way to consider the local field is to introduce local field factors L i n leading to renormalization of the Fresnel factors: f i n →L i n f i n , 10 while the optical constants contributing the Fresnel factors are taken from the linear optical measurements. However very often this procedure leads to inconsistency in linear and nonlinear optical measurements. 11 The most developed way to take into account local fields on the oscillator ͑linear and nonlinear͒ is to re-calculate refractive indices, and thus creating correct Fresnel factors both for linear and nonlinear optical measurements self-consistently. This approach was suggested by Roy. 12 However, in his paper, only anisotropy of a SAM is considered, while the microscopic description is omitted. Here we develop Roy's approach and calculate linear and nonlinear polarizability of the molecules in SAM based on self-consistent description of linear and nonlinear optical properties of the film.
SAM film is considered as uniaxial anisotropic medium with refractive indices n x and n z that for adsorbate film are given by,
where a l 2 is the area per molecule ͑25 Å 2 ), d f is the film thickness ͑molecular length͒, 0 ϭ -9.03, 1 is a dipolar sum arising due to the dipole image in a substrate, and (n)
3 is a dimensionless molecular polarizability tensor component that in the case of random in-plane distribution ͑but fixed tilt angle͒ is determined by ␣ xx ϭ␣ 0 sin 2 , ␣ zz ϭ2␣ 0 cos 2 . The nonlinear polarizability presented in Eqs. ͑7͒ and ͑8͒ is effective polarizability of a molecule in a local field arising due to a dipole-dipole interaction between the molecules. Individual hyperpolarizability of the isolated molecule then can be obtained as normalized by the local field factors ␤ ϭ␤ /L yy 2 ()L zz (2) , where,
10
L xx ͑ n ͒ϭL yy ͑ n ͒ϭ ͩ 1ϩ
III. EXPERIMENT
A series of oligothienylmethylmercaptane with different numbers of thiophene rings was synthesized. Oligothiophene molecules with 1, 2, and 3 number of rings are abbreviated as T1, T2, and T3, respectively ͓Fig. 1͑a͔͒, explicit chemical formulas are the following: T1 -Thiophen-2-ylmethanethiol, T2 -͓2,2'͔Bithiophenyl-5-yl-methanethiol, T3 -͓2,2';5',2''͔Terthiophen-5-yl-methanethiol͔. These molecules form densely packed monolayers on gold ͑111͒ by immersing the substrate into the solution of individual oligothiophene molecules. Orientation of the molecules is considered to be the same as for Bus-͑2,2':5',29''-terthien-5-yl͒ disulfide on gold ͑111͒ and equal to 30°from the substrate normal. 2, 14 For the SHG interferometry radiation from a Q-switched Nd:YAG laser ͑The Coherent Infinity™ 40-100͒ was used at a wavelength of ϭ1064 nm, with a pulse width 3.5 ns, repetition rate 50 Hz, energy 0.2 mJ/pulse focused onto the spot of 2.5 mm at the angle of incidence of 30°. The polarization of the fundamental and SHG waves was changed from p-into s-in using a Berek compensator, the polarization of SHG wave was kept in the plane of incidence ͑p-out͒. For ex-situ measurements the structures on a substrate were oriented vertically, and the angle of incidence was 30°. The SHG signal was discriminated spectroscopically by appropriate colored and interference filters and directed into a PMT ͑Hamamatsu, R7400U-02͒. The signal from PMT was processed by a boxcar average-integrator ͑Stanford Research SR245͒. Azimuthal dependences of SHG intensity were obtained by rotating the sample around its normal. For reference the SHG wave from the quartz plate was used, oriented as not to change the input polarization ͓see Figs. 1͑b͒ and 1͑c͔͒. Figure 2 
IV. RESULTS AND DISCUSSION
is presented in Fig. 2 ͑for kϭ0.7, ⌬ϭ 0 ЈϪ 0 ϭ Pi/4 as an example͒. The choice of the adsorption-reduction parameters k and ⌬ was imposed by the physical validity of all parameters of the systems calculated in the frame of the model. Figure 3͑b͒ ͑solid lines͒ shows the dependence of the linear polarizability on the number of aromatic rings for different values of k and ⌬. For the same values of these parameters the nonlinear susceptibility zxx is calculated using Eq. ͑5͒ ͓Fig. 3͑b͒, dashed line͔. However these two dependences, revealing a strong influence of the substrate parameters, do not allow to make a choice for k and ⌬. Figure 3͑c͒ shows the dependences of refractive indices on the number of aromatic rings obtained in our model. If the substrate nonlinear optical response is considered unchanged due to adsorption ͑kϭ1, ⌬ ϭ0͒, then the values of refractive indices appear to be too high ͑Ͼ2.5͒. Decreasing the value of k down to 0.3 and increasing the value of ⌬ up to /2 leads to a decrease of refractive indices and polarizabilities. The further change of these parameters makes the system of Eq. 14 disjoint ͑no solution can be found for the three samples with the same parameters of a substrate͒. In this way the valid range of substrate parameters is found to be 0.3 Ͻ k Ͻ 0.8 and /8Ͻ ⌬ Ͻ/2. For k this range falls in an agreement with the results of theoretical predictions for the influence of adsorbed species within a jellium model. 8 There are no calculations for the phase change of nonlinear response of a metal due to the molecular adsorption. However, experimental studies of the dependences of SHG field on the coverage of ions and atoms shows a change of the phase within the same range.
15,16 Figure 4 shows the dependences of linear polarizability and nonlinear susceptibility as functions of the number of aromatic rings plotted in a logarithmic scale ͑for kϭ0.5, ⌬ϭ/4, that is, in the middle of the range of validity͒. These dependences can be fitted by a power law of the number N of thiophene rings: ␣ϭN c and ␤ϭN cЈ . Depending on a gold adsorption-reduction parameter the values of c are varied in the range of 2-4, and of cЈ on the range of 1-2.5. According to the literature cϭ1.5 - 3   FIG. 2 . ͑a͒ Azimuthal SHG dependences for bare gold and T1; the arrow denotes ⌿ϭ/6 corresponding to pure isotropic response; ͑b͒ and ͑c͒ interference patterns for pp and sp polarization combinations, respectively, for bare gold substrate and film-on-substrate system for isotropic component; x is coordinate of the reference as determined in Fig. 1 . (2) . The latter value falls in agreement with our measurements of c Ј for nonlinear susceptibility ͑see Fig. 4 , dashed line͒. However, if the local field factors are taken into account the value of cЈ becomes smaller.
The results for cЈ are quite interesting from the point of view of symmetry. In many theoretical papers, in which the nonlinear polarizability is calculated ͑measured͒, both (2) and ␤ are considered to be zero due to the central symmetry of a -conjugated electron system. The nonzero value of the first hyperpolarizability is explained in Ref. 18 as a result of the influence of adsorption that lowers the symmetry of the molecule. A different way to explain the presence of the nonzero (2) is to take into account not only conjugated electrons of a ring ͑that are responsible for high values of linear polarizability and second hyperpolarizability, ␥͒ but the configuration of S atoms as well. Within this consideration, suggested in Ref. 19 , the even-numbered ring oligothiophene ͑without methyl group͒ belongs to the C 2h point group and the odd-numbered ones to the C 2v point group. If this symmetry influences nonlinear susceptibility, then for the evennumbered oligothiophenes it should be much higher than for the odd-numbered ones. This contrasts to our observations as well as to the results of Ref. 18 .
The power dependence ␤(N) can be obtained in the frame of two models. The first one is a simple quantum mechanical, in which each thiophene ring is considered as a quantum well. 17 The second one is excitonic model. 20 At the present state none of these models consider the asymmetry of thiophene ring that can arise due to adsorption. For distinguishing between them the SHG spectroscopy, that is shown recently to be a powerful tool for locally probing the excitons, 21 would be quite useful. It is important to note, that for the optical studies of monolayers on a metal substrate SHG interferometry is absolutely required. If only the amplitudes of the SHG signal are considered, then the phase shift due to the complex refractive index of a substrate is not taken into account and this can lead to irrelevant results. First hyperpolarizability can be measured only if the tilt angle of the molecules is known from independent measurements. One should also keep in mind that for the SAM on a metal substrate the restriction on the separation of film and substrate contribution is very strong.
The model of the film optical anisotropy suggested by Roy 12 seems to work well for self-assembled monolayers. With the use of this model for linear optics together with consideration of local field factors for nonlinear optics we avoid the artificial result of Ref. 11, in which both local filed factor and refractive indices of the adsorbed layer turn out to be equal to unity. For improving the reliability of the SHG measurements of the first hyperpolarizability independent measurements of refractive indices would be quite useful. However, the SHG measurements also provide information about linear optical properties ͑a pure nonlinear optical method of determination of linear optical constants was suggested in Ref. 22͒. In our case it can be considered as a proof of the validity of the model and help to choose the range of the constants used in the model. Within this range the refractive indices are in agreement with the experimental values for adsorbed monolayer of organic molecules.
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V. CONCLUSIONS
In conclusion, we have studied the nonlinear response of oligothiophenes self-assembled monolayers by the second harmonic interference technique. Using a self-consistent approach for describing linear and nonlinear optical properties we calculated the dependences on the number of thiophene rings on the linear polarizability ␣(N) and first hyperpolarizability ␤(N). These dependencies show that the delocalized electron system becomes asymmetric due to adsorption of thiophene molecules giving rise to a nonzero first hyperpolarizability. To distinguish between two mechanisms of the ␤(N) dependence, namely quantum well and excitonic mechanism, spectroscopic measurements are required.
It is shown, that for SAM on a metal substrate, interference measurements are necessarily required to obtain relevant information about the adsorbed molecules. Nevertheless it is not possible to measure simultaneously the tilt angle and the nonlinear susceptibility: The former should be obtained independently, for instance using FTIR as in Ref. 24 . Although independent linear-optical measurements are quite helpful, the linear polarizability calculated form SHG measurements gives a proof of the validity of the model.
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